The levels of both exonuclease HI (exo m, product of xthA) and hydroperoxidase H (HP-II, product of katE) activity in Escherichia coli were influenced by a functional katF gene. The katF gene product is also necessary for synthesis of HP-Il. Mutations in either katF or xthA, but not katE, result in sensitivity to H202 and near-UV (300-400 nm) radiation. Exo HI, encoded by the xthA locus, recognizes and removes nucleoside 5'-monophosphates near apurinic and apyrimidinic sites in damaged DNA. Extracts of katF mutant strains had little detectable exo HI activity. When a katF+ plasmid was introduced into the katF mutant, exo m activity exceeded wild-type levels. We propose that the katF gene is a trans-acting positive regulator of exo m and HP-II enzymes, both of which are involved in cellular recovery from oxidative damage.
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A variety of external stresses exert deleterious effects on bacterial and eukaryotic cells through the generation of intracellular active oxygen species. Oxidative stress via near-ultraviolet radiation (NUV) damages cells, at least in part, by single-strand breaks in DNA (1) . In Escherichia coli these single-strand breaks result from direct damage by hydrogen peroxide (H202) (2) . H202 has been shown to be a photoproduct of NUV irradiation, as well as being a product of superoxide dismutase-mediated catalysis of the superoxide anion (O°-) (3) . However, accumulation of H202 is prevented from reaching high levels in the cell by the action of catalase.
The two species of hydroperoxidase (HP-I and HP-II) in E. coli differ in activity and induction; HP-I, the product of the katG gene, is a tetrameric bifunctional catalase and odianiside peroxidase with a molecular mass of 337 kDa. The katG locus is H202 inducible and has a low Km for H202 (4, 5) . Synthesis of HP-I has been shown to be under the positive control of the oxyR regulon (6) . In contrast, HP-II is a hexameric monofunctional catalase, possessing a high Km for H202. HP-HI synthesis is controlled by the phase of growth and is maximal during late exponential phase. Expression of HP-II requires both functional katE and katF genes (7, 8) and is expressed both aerobically and anaerobically (9) .
E. coli catalase mutants differ with respect to their sensitivities to NUV. Lesions in the katF gene, but not the katE gene, result in sensitivity to broad spectrum NUV as well as to H202 (10) . Thus, HP-II is not essential for a cell to recover from NUV damage. The katE and katF genes have been cloned and their products were characterized (11) . katE encodes a 93-kDa protein, the same size as the subunit of HP-Il, and thus is implicated as the HP-II structural gene.
katF encodes a 44-kDa protein that is required for the production of HP-II and must also enable the synthesis of some other protein that confers protection from NUVmediated killing.
Another locus involved in repair of NUV damage is the xthA gene, which encodes exonuclease III (exo III). Mutations in xthA also result in significantly enhanced sensitivity to NUV-mediated inactivation. Exo III recognizes apurinic and apyrimidinic sites in damaged DNA and catalyzes the endonucleolytic hydrolysis of 3'-terminal phosphomonoesters and also releases 5-mononucleotides from the 3' ends of DNA strands at such sites (12) . Exo III is also a 3' to 5' exonuclease specific for bihelical DNA and removes any remaining blocking groups from the DNA 3' termini to activate the DNA for subsequent synthesis by DNA polymerase I (polA) (13, 14) .
Because of the similar sensitivity of katF and xthA mutants to NUV and to H202, we questioned whether there was any relationship between these two genes; in particular, we studied the influence of the katF genetic locus on the level of exo III activity in cells, as assayed in extracts with radiolabeled DNA as a substrate. In experiments presented in this report, we show that a transposon insertion (TnIO) (15) . When present, ampicillin was used at 50 pug/ml and tetracycline was used at 15 gg/ml.
Strains and Plasmids. The E. coli strains used are described in Table 1 . Extraction of plasmid DNA, plasmid transformation, and P1-mediated transduction of the transposon TnJO have been described (15) (16) (17) . Selection in each case was based on antibiotic resistance, and resistant colonies were further screened for specific enzyme activities.
Exo HI Assays. The assay for exonuclease activity in whole-cell extracts of E. coli was that described by Rogers and Weiss (12) (20) .
NUV Survival Curves. For inactivation studies, exponential-phase cells were prepared and exposed to NUV as described (1) .
RESULTS
Exonuclease Assays. To test the specificity of the assay for exo III, we compared an xthA mutant strain and a strain carrying a plasmid with a 3-kilobase fragment containing xthA+ under partial repression by the cI857 gene of bacteriophage A encoded on the same plasmid (12) . The results demonstrated that the exonuclease activity of the plasmidbearing strain 0439, when induced to overproduction of plasmid-borne exo III by growth at 42°C, was 9-fold higher than in the xthA mutants (both strains 0427 and 0735) ( Table  2 ). Remaining exonuclease activity in the xthA mutant strains was determined by dividing acid-soluble radioactivity remaining after incubation with xthA mutant cell extracts by acid-soluble radioactivity remaining after incubation with buffer containing no added enzyme, and it was found to be -14%. This was determined to be due to the exonuclease activity of DNA polymerase I, as an xthA polA double mutant showed no detectable exonuclease activity (Fig. 1) .
Absence of Exo m Activity in katF Mutants. E. coli katF mutants containing a TnlO insertion demonstrated a level of exonuclease activity that was comparable to the xthA mutant. The data shown represent the average of 10 separate experiments, and in no instance did the katF mutant show exonuclease activity >10% above that of the xthA mutant (Fig. 1) . We questioned whether a plasmid containing the xthA+ gene could express exonuclease activity in a cell in which the katF gene product was absent. To answer this question, we introduced the xthA+ plasmid from strain 0439 into the katF::TnlO insertion mutant strain (0568) and assayed exo III activity. No exonuclease activity was detected in our assays. Indeed, levels of exonuclease activity in this strain (0820) were slightly less than that of the xthA mutant (Fig. 1) .
Effect ofkatF Plasmid. A plasmid containing the katF+ gene was introduced into the katF mutant strain to test whether the plasmid could restore the exonuclease activity of the katF mutant. The success of the transformation was corffirmed by the acquisition of ampicillin resistance as well as the restoration of catalase HP-II activity, as shown on activity-stained gels (Fig. 2, lane 4) . The levels of exonuclease activity in the katF mutant containing the katF+ plasmid were found to be 3-fold higher than that of the katF mutant and approximated those of the wild-type strain. Significantly, further increases in exonuclease activity resulted when the same plasmid was transformed into the wild-type parent strain of the katF mutant (MP180). The exonuclease activity of this strain was 6-fold higher than the isogenic wild-type strain (Fig. 1) . Parallel results were obtained with HP-II activity in which slight increases in HP-1I activity were found to occur in a wild-type strain transformed with a katF+ plasmid (Fig. 2,  lane 5) .
Absence of Exonuclease Activity Encoded by the katF Plasmid. In each ofourexo III assays ofkatFplasmid-bearing strains, we noted high levels of exo III activity. To preclude the possibility that the katF+ plasmid itself was contributing the exo III activity, we introduced the katF+ plasmid into a xthA background. The resulting katF plasmid strain showed a slight increase in exo III activity over the parent xthA strain (Fig. 1) . However, the increase did not approach the levels of the katF plasmid strains with a wild-type background. We conclude that the katF plasmid itself was not responsible for the increases in exo III activity, but rather influenced a chromosomal gene to increase exonuclease synthesis. Effect of Growth Phase on Exo Im Activity. It has been shown that katE expression (9) and HP-II activity (22, 23) change with phase of growth and reach a maximum in late exponential phase. We examined exonuclease activity at different phases of growth to compare with HP-II. Interestingly, we found that exo III activity increased throughout the exponential phase and then declined in early stationary phase (Fig. 3) . The observation that the activities of katE and xthA gene products change in parallel throughout growth phase lends support to coregulation by the katF gene product.
NUV Sensitivity ofkatF and xthA Mutants. Since it has been shown that both xthA and katF mutants are sensitive to H202 and to broad-spectrum NUV (refs. 24-26; this study), we compared the kinetics of inactivation to NUV of these two mutants, as well as the sensitivity of a strain possessing both mutations. Interestingly, all three strains were inactivated at the same rate. Furthermore, we found that the katF+ plasmid in a wild-type background was able to confer increased NUV tolerance (Fig. 4) . The katF xthA double mutant strain is no more sensitive than either of the single mutants xthA or katF alone.
DISCUSSION
Prior to this study, the function of the katF locus was known only to be associated with HP-II production. A regulatory role of katF in HP-II synthesis has been proposed (7, 10) and is supported by the katE::lacZ fusion study of Schellhorn and Hassan (9) , which shows that katE expression is eliminated by a katF::TnJO insertion. The finding that katE expression parallels HP-II synthesis and that the gene product is the size of a HP-II subunit supports a structural role for katE (11) . An alternative possibility is that each locus could encode a single subunit, which must associate together to form an active tetrameric catalase; however, no evidence has been presented to support this view. The striking sensitivity of the katF mutant to NUV (Fig. 4) and H202 inactivation (26) , while the katE mutant is not sensitive, points to the conclusion that HP-II is not required for recovery from NUV damage and suggested to us an additional role for katF. Our finding in this study that katF is required for xthA expression fits our hypothesis, since xthA mutants are also sensitive to NUV and H202 inactivation. Furthermore, our observations that a katFxthA double mutant shows the same sensitivity to NUV as either mutant alone, and also that a katF plasmid introduced into a katF-strain complemented the katF from their data, together with the observation that the pSGR3 (exo III) plasmid (12) also overproduces catalase, HP-II (Fig.  2) allows determination ofxthA transcription direction on the E. coli chromosome map in relation to katE position (Fig. 5 ). This again is compatible with an operon containing both xthA and katE. From the sequence analysis and the mapping data, it is possible that the xthA gene might be controlled by an activator protein. This is consistent with a transcriptional activation of the xthA gene by the katF gene product. Saporito et al. (27) have proposed that exo III is expressed monocistronically, since they observed beyond the coding region a potential transcription terminator structure and, farther downstream, a promoter structure with a -35 and a -10 site, a Shine-Dalgarno site, and the beginning of an open reading frame. However, they also remark that the potential terminator structure would not predict a strong terminator (27) . Further studies are therefore necessary to determine whether xthA and katE are transcriptionally coregulated by the katF gene product.
Although exo III and catalase HP-II have different cellular functions, it is likely that they are both implied in protection against oxidative stress: HP-II to eliminate the potentially damaging H202, and exo III to help repair damage brought on, in part, by reactive oxygen species-mediated DNA damage. The study of Heimberger and Eisenstark (28) , which localizes HP-II exclusively to the cytoplasm, is consistent with a role of HP-II as a defense against H202-induced DNA breaks.
The sodB locus involved in cellular recovery from oxidative stress by producing iron-containing superoxide dismutase (FeSOD), maps near minute 37 on the E. coli chromosome (29); thus, it was possible that it might be part of the same operon. We tested whether mutations in katF affected production of FeSOD. No differences were detected between katF and wild-type strains in terms of their FeSOD activities (data not shown). Thus, it was evident that katF did not regulate sodB. Finally, the finding that the xthA mutation in a strain lacking both superoxide dismutases (sodA sodB) reduces the oxygen radical-mediated mutagenesis frequency below that found with a functional xthA in a sodA sodB background (30) makes it relevant to further explore the role of katF in mutagenesis. 
